The transcription factor WUSCHEL (WUS) acts from a well-defined domain within the Arabidopsis thaliana shoot apical meristem (SAM) to maintain a stem cell niche. A negative-feedback loop involving the CLAVATA (CLV) signaling pathway regulates the number of WUS-expressing cells and provides the current paradigm for the homeostatic maintenance of stem cell numbers. Despite the continual turnover of cells in the SAM during development, the WUS domain remains patterned at a fixed distance below the shoot apex. Recent work has uncovered a positive-feedback loop between WUS function and the plant hormone cytokinin. Furthermore, loss of function of the cytokinin biosynthetic gene, LONELY GUY (LOG), results in a wus-like phenotype in rice. Herein, we find the Arabidopsis LOG4 gene is expressed in the SAM epidermis. We use this to develop a computational model representing a growing SAM to suggest the plausibility that apically derived cytokinin and CLV signaling, together, act as positional cues for patterning the WUS domain within the stem cell niche. Furthermore, model simulations backed by experimental data suggest a previously unknown negative feedback between WUS function and cytokinin biosynthesis in the Arabidopsis SAM epidermis. These results suggest a plausible dynamic feedback principle by which the SAM stem cell niche is patterned. A central player in the maintenance of CZ stem cells is the transcription factor WUSCHEL (WUS). WUS-expressing cells reside in the rib meristem (RM) domain of the SAM, just below the CZ, and originate from a central group of multipotent stem cells in the corpus (L3 and lower layers below the anticlinally dividing L1 and L2 layers). WUS is required for the production of a non-cell autonomous proliferative signal to determine the number of overlying pluripotent stem cells in the CZ (3, 4) . The CZ cells express the CLAVATA3 gene product, which is processed into a signaling peptide that activates a set of receptor kinases, which, in turn, repress WUS expression in the RM (5-8). Thus, the CLV3-expressing CZ stem cells regulate the strength of the non-cell autonomous proliferative signal produced by WUS in the RM of the SAM (1, 9). Through this feedback loop, the size of the apical pluripotent stem cell population and WUSexpressing cell population are mutually regulated. Although this paradigm adequately explains how the numbers of stem cells are maintained in the SAM, it fails to explain how the relative position of the WUS domain is maintained.
The transcription factor WUSCHEL (WUS) acts from a well-defined domain within the Arabidopsis thaliana shoot apical meristem (SAM) to maintain a stem cell niche. A negative-feedback loop involving the CLAVATA (CLV) signaling pathway regulates the number of WUS-expressing cells and provides the current paradigm for the homeostatic maintenance of stem cell numbers. Despite the continual turnover of cells in the SAM during development, the WUS domain remains patterned at a fixed distance below the shoot apex. Recent work has uncovered a positive-feedback loop between WUS function and the plant hormone cytokinin. Furthermore, loss of function of the cytokinin biosynthetic gene, LONELY GUY (LOG), results in a wus-like phenotype in rice. Herein, we find the Arabidopsis LOG4 gene is expressed in the SAM epidermis. We use this to develop a computational model representing a growing SAM to suggest the plausibility that apically derived cytokinin and CLV signaling, together, act as positional cues for patterning the WUS domain within the stem cell niche. Furthermore, model simulations backed by experimental data suggest a previously unknown negative feedback between WUS function and cytokinin biosynthesis in the Arabidopsis SAM epidermis. These results suggest a plausible dynamic feedback principle by which the SAM stem cell niche is patterned.
signal transduction | cell division W ithin a properly patterned stem cell niche, domains of accessory cells produce maintenance signals that support pluripotent stem cells. In plants, the shoot apical meristem (SAM) is the aboveground stem cell niche. It is patterned into functionally distinct domains that interact through cell-cell communication mediated by diffusive signals (1, 2) . Unlike animal cells, which can migrate, plants cells are fixed, and their movement is driven by cell proliferation. Therefore, as cell divisions push daughter cells of pluripotent stem cells away from the central zone (CZ) of the SAM into other functional domains, cells must sense their relative position within the niche and adjust their gene expression profile according to the differentiation program of that domain.
A central player in the maintenance of CZ stem cells is the transcription factor WUSCHEL (WUS). WUS-expressing cells reside in the rib meristem (RM) domain of the SAM, just below the CZ, and originate from a central group of multipotent stem cells in the corpus (L3 and lower layers below the anticlinally dividing L1 and L2 layers). WUS is required for the production of a non-cell autonomous proliferative signal to determine the number of overlying pluripotent stem cells in the CZ (3, 4) . The CZ cells express the CLAVATA3 gene product, which is processed into a signaling peptide that activates a set of receptor kinases, which, in turn, repress WUS expression in the RM (5) (6) (7) (8) . Thus, the CLV3-expressing CZ stem cells regulate the strength of the non-cell autonomous proliferative signal produced by WUS in the RM of the SAM (1, 9) . Through this feedback loop, the size of the apical pluripotent stem cell population and WUSexpressing cell population are mutually regulated. Although this paradigm adequately explains how the numbers of stem cells are maintained in the SAM, it fails to explain how the relative position of the WUS domain is maintained.
Crosstalk exists between WUS function and the action of the plant hormone cytokinin in the SAM. WUS has been found to repress members of the type A ARABIDOPSIS RESPONSE REGULATOR (ARR) family, which negatively regulate cytokinin signaling (10) . In addition, cytokinin was shown to induce expression of WUS (11). The expression domains for WUS and the cytokinin receptor ARABIDOPSIS HISTIDINE KINASE 4 (AHK4) overlap in the SAM (11) . These data support a model whereby AHK4 and WUS function within the RM to establish a group of cytokinin sensitized cells (11) . Therefore, cytokinin may play a role in patterning the RM within the SAM.
The fixed spatial relationship of the WUS expression domain proximal to the shoot epidermis throughout growth suggests the presence of an inductive signal to position it within the SAM. Given the positive role cytokinin has on WUS expression, it is a likely candidate. Analysis of cytokinin distribution within the Sinapis alba L. SAM by immunohistochemistry suggests a potential gradient of the hormone from the epidermis into the basal cells (12) . Several studies support a role for local cytokinin synthesis in the maintenance of a functional SAM during growth (13, 14) . In rice, loss of LONELY GUY (LOG)-mediated cytokinin biosynthesis within the upper layers of the SAM results in progressive termination of the stem cell niche reminiscent of the wus mutant phenotype (13) . In Arabidopsis, there are nine LOG family members. Analysis of higher order mutant log alleles indicates that AtLOG gene function is redundantly distributed between the activity of multiple family members (15) .
In this study, we demonstrate that the cytokinin biosynthetic enzyme LOG4 is expressed in the epidermal layer (L1) of the SAM and floral meristem. Based on this, we formulate a cell-based computational model involving growth and division in the apicalbasal axis. We demonstrate the plausibility of our model that epidermally derived cytokinin, together with the CLV-WUS genetic network, regulates cell division and positions the WUS expression domain within the SAM during growth. Lastly, using the model in conjunction with experiments, we reveal a feedback principle whereby WUS negatively regulates epidermally produced cytokinin biosynthesis in the SAM. This leads to an updated picture of how mechanisms of feedback control, which occur over space and time, pattern and maintain the SAM stem cell niche.
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Results
Evidence for Apically Produced Cytokinin in the SAM Epidermis.
Previous biochemical work has established that LOG functions as a phosphoribohydrolase to produce active cytokinins (13, 15) . Using quantitative PCR (SI Appendix, Fig. S1 ) and published LOG pro ::GUS results (15) as guides, we constructed LOG pro :: 2XYpet-N7 transcriptional reporters (LOG1, LOG3, LOG4, LOG5, LOG7) and investigated their expression profiles by confocal microscopy in living inflorescence SAM tissue. Our analysis found that expression of the LOG4 pro ::2XYpet-N7 reporter was restricted to the epidermal layer (L1) of the SAM and floral meristem (Fig. 1A) . We also observed weak expression of the LOG7 pro ::2XYpet-N7 reporter in developing primordia. The expression of LOG4 in the L1 layer suggests this enzyme may function to generate a source of apically derived cytokinin in the SAM proper, whereas LOG7 may function in the developing primordia.
The WUS Expression Domain Corresponds to High Cytokinin Signaling Activity. We hypothesize that cytokinin produced in the L1 cell layer, through LOG4 function, forms a diffusion gradient within the SAM, whereby it is perceived by cells expressing cytokinin receptors in the underlying cell layers (Fig. 1B) . Live imaging of inflorescence SAMs revealed strong expression of a WUS reporter WUS pro ::dsRed-N7 (Fig. 1B) ; WUS pro ::WUS-2XVenus (Fig.  1C) in the apical half of the AHK4 receptor domain, marked by AHK4 pro ::GFP (Fig. 1B) , and the cytokinin signaling domain, marked by TCS pro ::GFP-ER (Fig. 1D) . These live imaging results reveal WUS is expressed within the upper half of the AHK4 domain, which is just below the presumed hormone source, where type B ARR activity is highest.
Mathematical Model for the Positioning of the WUS Domain Within a Growing SAM. Using these live imaging results, we developed a model of a growing and dividing stem cell niche. Our primary focus was understanding how the WUS domain is positioned proximal to the shoot epidermis. Therefore, we simplified our cellular template to a 1D column of cells representing a transverse apical-basal slice of a growing SAM (dashed line of the schematics in Fig. 1 Fig. 1F ). In contrast, WUS expression is restricted far into the basal zone of the SAM when regulated by CLV3 suppression alone (blue curve in Fig. 1F ). When regulated by both, the peak of WUS expression occurs at (f max ), where the two curves intersect (green curve in Fig. 1F ). Therefore, we hypothesize that WUS expression is patterned at a fixed distance from the shoot apex by this molecular network (Fig. 1E ). By embedding in each cell of the growing and dividing template, this signaling-genetic network (SI Appendix) maintains the zones of expression and domain identity through cell-cell communication provided by diffusing signals.
The SAM is a dynamic tissue where the continual turnover of cells from each domain of the stem cell niche drives growth. This makes cell division a fundamental aspect of growth in our model. Therefore, our model simulations were performed on a growing and dividing template of cells (SI Appendix and Movies S1 and S2). Fig. 1G shows the initial patterns of the model components of the proposed regulatory network before growth and cell division (initial template of 30 cells). Based on live imaging results, WUS is expressed three to four cells below the tip and extends five to six cells, whereas CLV3 is primarily expressed in the top two to three cells. A peak of phosphorylated type B ARR activity overlaps with the WUS domain, whereas the type A ARR expression domain flanks the WUS expression domain (SI Appendix). Using these starting parameters, model simulations were performed for a defined period corresponding to >100 cell divisions. Fig. 1H shows the final patterns at the end of the simulation. To verify the crucial point that the essential expression patterns of the network components is maintained throughout growth relative to the initial starting pattern, we plotted the detailed distributions of network components over the same number of cells after model simulations (SI Appendix). This reveals that the pattern of most components is robust even after extensive growth and cell division (compare plot 1-30 in Fig. 1 G and H).
CLV3 Gain of Function Terminates the Theoretical Stem Cell Niche As
Observed in Vivo. To test the accuracy of our computational model, we considered the case of CLV3 gain of function, which leads to the loss of meristem function (1, 16) . To compare our model with published observations, we performed a simulation where model parameters were altered such that CLV3 represses WUS more strongly, mimicking gain of function. Comparing the two plots in SI Appendix, Fig. S3 A and B, which show cytokinin signaling (Bp), WUS, CLV3, and cytokinin for the wild type and CLV3 gain of function (SI Appendix), the model accurately simulates the low amounts of WUS that cause eventual meristem termination. Hence, our model recapitulates the experimental observations of meristem loss for the CLV3 gain of function.
Cytokinin Can Partially Rescue Floral Meristem Function in a Hypomorphic
wus Mutant. To validate the functional relevance of the inductive effect of cytokinin on WUS expression, we performed rescue experiments on the wus-1 loss-of-function allele and wus-6 hypomorphic allele (containing a T-DNA insertion in the proximal promoter of the gene) (17, 18) . The wus-1 and wus-6 alleles result in a similar floral meristem termination phenotype. Exogenous cytokinin treatments failed to rescue the inner whorl organ phenotype in wus-1 mutant plants ( Fig. 2A) but did occasionally induce supernumerary outer whorl organs (SI Appendix, Fig. S4 A and B) . In contrast, cytokinin application partially restored inner whorl organ development in the wus-6 mutant ( Fig. 2B and SI Appendix, Fig. S4 C and D) . This is consistent with the observed expression of the TCS pro ::GFP-ER reporter within the center of the floral meristem ( Fig. 1D and SI Appendix, Fig. S2 C and D) . Next, we used our model to determine whether the partial rescue of meristem activity could be attributable to increased expression of WUS in the wus-6 allele. Fig. 2C shows predicted distributions of WUS and CLV3 along the apical-basal axis for wild type and the wus-6 mutant before and after cytokinin treatment. These model simulations demonstrate that exogenous cytokinin treatments could restore sufficient levels of WUS transcription to maintain meristematic function, even in the hypomorphic wus-6 allele (Fig. 2C) .
Relative Strengths of Cytokinin and CLV3 Signaling Position the WUS Domain. To explore the interaction between the antagonistic effects of cytokinin and CLV3 on positioning of the WUS domain, we simulated cytokinin treatments in our model. Fig. 2 D and E shows the predicted distributions of CLV3 (upper plot) and WUS (lower plot) before (blue) and after (red) cytokinin treatment. Whereas CLV3 expression is largely unaffected, WUS expression extends basally upon cytokinin treatment. To validate these results, we observed the expression patterns for WUS pro :: WUS-2xVenus and TCS pro ::GFP-ER by live imaging floral meristems before and after cytokinin treatment. Both the WUS expression and cytokinin-signaling domains primarily enlarge in the basal direction into the RM after cytokinin treatment (Fig. 2 F-I) . Therefore, in both model and experimental perturbations, when cytokinin signaling is increased, the mean length of the WUS domain from the shoot apex is extended primarily in the basal direction. In the model simulations, expansion of WUS expression in the apical direction is suppressed because of activation of CLV3 by the non-cell autonomous stem cell signal. We used our model to simulate how impaired clv3 function would impact the WUS expression domain. In this case, WUS expression extended apically, in response to clv3 loss of function (SI Appendix, Fig. S5 ), as reported previously (9) . WUS does not appear in the L1 layer, because AHK4 is not significantly expressed in the upper layers of the SAM (Fig. 1 B and C) . Therefore, clv3 loss of function decreases the mean length of the WUS zone from the shoot apex. The above results suggest that WUS is positioned proximal to the shoot apex through the antagonistic activities of cytokinin and CLV3 function.
CLV3 Function Buffers the Positive Effects of Cytokinin on Meristem
Growth. Cytokinin has been proposed to have a positive effect on SAM growth and cell division (19, 20) . In contrast, the CLV pathway has a negative non-cell autonomous influence on cell division and growth in the SAM (2) . To determine the relationship between these two antagonistic effects on SAM growth, we quantified wild-type and clv3-2 SAM area, as measured by scanning electron microscopy before and after cytokinin treatment. Cytokinin treatment of wild-type plants caused a small expansion in SAM surface area (1.5-fold by scanning electron microscopy) (Fig. 3 A and B) and occasionally induced formation of additional inner whorl floral organs (SI Appendix, Fig. S6 A and B) . In comparison, cytokinin treatment of clv3-2 mutant plants resulted in a striking 15-fold increase in SAM surface area (Fig. 3 C and D) without altering cell size (SI Appendix, Fig. S6 E and F) . We also observed enlargement of floral meristems and floral organ numbers in clv3-2-treated plants compared with mock-treated clv3 and cytokinin-treated wild type (SI Appendix, Fig. S6 C, D, G, and  H) . This drastic enhancement of SAM size in the clv3 loss-offunction background indicates that the CLV3 signaling pathway acts to buffer the positive effect of cytokinin on SAM growth and cell division. We updated our model to include the antagonistic regulatory links whereby CLV3 restricts cell division and cytokinin promotes cell division in the SAM (SI Appendix). This model led to a distribution of cell division rates depicted schematically in Fig. 3E . Model predictions of division rates in wild type and clv3 loss of function before and after simulated cytokinin treatment are shown in Fig. 3F . In wild-type simulations, cytokinin treatment extended the zone over which cells divide in the basal direction. In contrast, clv loss-of-function simulations indicated that not only do the rates of cell division increase but also the peak of cell division moves in the apical direction. We compared repeated simulations of SAM growth over a fixed period and counted the number of cells for the different conditions (Fig. 3G) . Therefore, a similar trend was observed between the experimental increase in SAM sizes and predicted rounds of cell division shown in Fig. 3 A-D and G. However, model simulations did not predict the large difference in size as seen when comparing wild type (Fig. 3A) with treated clv3 loss of function (Fig. 3D) , which in the experimental case, is much larger (see Discussion).
WUS Regulation of Cytokinin Biosynthesis Emerges As a Possible
Feedback Principle. One goal for building our computational model was to make predictions about the function and interaction of network components of the SAM stem cell niche. In the models mentioned above, we assumed no feedback between WUS function and cytokinin biosynthesis. However, WUS does alter the identity and number of cells in the shoot apex (2). An obvious hypothesis for the cellular overproliferation phenotype of the clv3-2 mutant SAM, where WUS levels are presumed higher is elevated levels of cytokinin in the stem cell niche. To explore the consequence of feedback between WUS function and cytokinin biosynthesis, we modeled two alternative regulatory rules where WUS function in the RM activates (activator model) or represses (repressor model) cytokinin biosynthesis in the L1 layer (SI Appendix). Fig. 4 A and B shows predicted distributions of CLV3, WUS, activated type B ARR (Bp), and cytokinin in wild-type and in clv3 loss-of-function simulations for the activator model. In response to clv3 loss of function, WUS expression extends apically, which increases cytokinin biosynthesis extending the cytokinin gradient further into the shoot, broadening WUS expression in the basal direction as well. Alternatively, Fig. 4 C and D shows distributions of the model components for the wild-type and clv3 loss-of-function simulations for the repressor model. Here, WUS moves apically, but now even more so, because as WUS moves closer to the shoot apex, it causes further suppression of cytokinin biosynthesis and a shallower gradient of cytokinin on which WUS expression depends. In contrast to the activator model, simulations for the repressor model shifts the peak of WUS expression only toward the shoot apex, as seen experimentally (SI Appendix, Fig. S7 ) (9) .
In the repressor model, cytokinin concentrations are reduced but not absent, which explains why WUS is expressed in clv3-2 meristems. Furthermore, in Fig. 4D , we see that activated type B ARR signal (cytokinin signaling; Bp) is still present. We further explored how WUS expression could be maintained in the presence of low levels of cytokinin signaling by perturbing the model in two ways: first, we assumed that cytokinin signaling activates WUS even more strongly; and second, we modeled a case with a stronger clv3 loss-of-function mutant (SI Appendix, Fig. S8 A and B and SI Appendix). Comparing WUS in the wild type (SI Appendix, Fig. S8A ) with WUS in the clv3 mutant (SI Appendix, Fig. S8B ), even where cytokinin signaling is extremely low, we still see WUS expression (SI Appendix, Fig. S8B ). Type A ARR and WUS expression both depend on the strength of cytokinin signaling, and, hence, the relative strength of induction by the latter promotes WUS over type A ARR. Furthermore, because WUS represses type A ARR expression, which, in fact, negatively regulates cytokinin signaling, this implements a positive-feedback effect, whereby having stronger WUS activation leads to even more WUS. This aspect of the regulatory network, in combination with the relief from CLV3 suppression, allows WUS to be expressed in the presence of reduced cytokinin biosynthesis (SI Appendix, Fig. S8 C and D) .
Live Imaging of a Cytokinin Biosynthesis and Signaling Reporter
Supports the Repressor Model. Of the two models, the counterintuitive repressor model seems the most plausible based on the predicted and observed distribution of WUS expression. To assess the cytokinin signaling status within the clv3-2 SAM, we used the TCS pro ::GFP-ER. In a wild-type SAM, TCS pro ::GFP-ER signal peaks within the RM (Fig. 1 C and D) (11) . However, in the clv3-2 SAM, the TCS pro ::GFP-ER signal was extremely weak but still observed within floral meristems (Fig. 4E) . Treatment of clv3-2 plants with cytokinin led to reactivation of the TCS pro :: GFP-ER within the clv3-2 SAM proper (Fig. 4F) . These data indicate that the cells of the clv3-2 mutant SAM are competent to perceive cytokinin and activate the downstream two-component phospho-relay cascade. Taken together, these data suggest that under normal growth conditions cytokinin metabolism may be disrupted in the clv3-2 SAM.
We next investigated the expression status of the LOG4 pro :: 2XYpet-N7 reporter in the clv3-2 SAM. Consistent with the absence of TCS signal, we observed expression of the LOG4 pro :: 2XYpet-N7 reporter is largely absent from the L1 layer of the clv3-2 SAM (Fig. 4G) . However, expression of LOG4 pro ::2XYpet-N7 is still observed in clv3-2 FMs, consistent with the notion that production of the active hormone is present to induce robust TCS pro ::GFP-ER signal (Fig. 4E ). In addition, we noted expression of the LOG4 pro ::2XYpet-N7 reporter is not rescued by cytokinin treatment (Fig. 4H) . These data indicate that cytokinin synthesis is significantly reduced in the clv3-2 SAM proper and, taken together, are consistent with the model prediction of WUS repression on cytokinin biosynthesis.
Discussion
In this study, we hypothesize that integration of cytokinin signaling and metabolism, which regulates WUS expression (11) with the CLV-WUS feedback loop, acts as a mechanism to position the WUS domain within the stem cell niche. Based on the live imaging data, we propose LOG4 functions in the L1 layer of the SAM and FM to establish a gradient of cytokinin that extends into the RM, providing a molecular cue to those cells. Using this observation, we developed a simplified mathematical model and tested the plausibility that cytokinin could provide an apical cue to position the WUS expression domain within a growing SAM. Using the iteration of model simulations and experimentation, we found that, indeed, cytokinin could perform such a role. Furthermore, the model provided a framework for testing additional hypotheses and for exploring principles of regulation within the SAM stem cell niche. A key experiment could be to test whether apically derived cytokinin is required for the maintenance of WUS activity to promote stem cell survival (SI Appendix, Fig. S9 ). In Arabidopsis, overexpression of CTYOKININ OXIDASE (CKX) gene family members from the 35S promoter causes a loss of apical dominance (21) . More recently, data demonstrate that CKX3 is expressed in a domain similar to WUS and septuple log mutants fail to maintain an inflorescence meristem (22, 23) . It may be interesting to test experimentally whether reducing cytokinin synthesis specifically in the epidermis could mimic these phenotypes.
Previous studies have developed informative models to test hypothetical mechanisms involving actions of the CLV-WUS feedback loop in patterning WUS expression within the SAM (24-28). One advance over these previous models is that we have added a regulatory link by explicitly modeling cytokinin biosynthesis and perception as they regulate WUS activity. We believe that our current model represents a plausible set of rules that pattern and maintain gene expression domains in the apical-basal axis. However, to accurately reproduce the large difference in cell numbers observed between cytokinin-treated clv3 and wild-type plants, a more realistic 3D template is needed, perhaps involving a 3D model of the SAM based upon its reconstruction from live imaging data.
Recently, Kuroha et al. demonstrated that members of the Arabidopsis LOG family carry out a direct activation step in the cytokinin biosynthetic pathway similar to the rice LOG enzyme (15) . Using live imaging and confocal microscopy, we found that transcriptional reporters for LOG4 and LOG7 were the only two LOG pro ::2xYpet-N7 reporters analyzed to be identified as being expressed in the SAM proper. These fluorescent reporter expression data agree with the LOG4 pro ::GUS data in the study by Kuroha et al. showing LOG4 expressed in shoot apical tissue and a published in situ hybridization of LOG7 mRNA in the SAM (29) . Within the SAM, LOG4 reporter expression is restricted to the L1 layer, whereas the LOG7 reporter is expressed in developing primordia. However, our data raise the following question: What is the significance of LOG4 function in the maintenance of WUS expression in the SAM? Kuroha et al. found that single or higherorder combinations had minimal phenotypic effects related to SAM function. This is in contrast to mutations in the rice LOG gene, which cause premature termination of the inflorescence meristem. However, a triple Atlog3;log4;log7 mutant has reduced apical dominance with smaller inflorescences and fewer flowers. These results suggest that there is a degree of functional redundancy among the Arabidopsis LOG family members, which differs from rice. Ubiquitous overexpression of LOG4 in Arabidopsis resulted in a semidwarfed phenotype, which suggests that LOG4 expression outside the epidermis of the SAM causes developmental abnormalities. It will be interesting to see how the domains of gene expression for CLV3, WUS, AHK4, and cytokinin signaling are affected by multiple loss-of-function LOG alleles or ubiquitous overexpression of LOG family members (i.e., LOG4 and LOG7).
Our study explored how adding a regulatory link, which states that the CLV-WUS pathway controls cytokinin biosynthesis, affects the dynamics of this feedback network. Our model simulations suggested that in the case where cytokinin biosynthesis is positively regulated by a WUS signal, a CLV3 loss-of-function mutant would have higher levels of cytokinin and that the WUS expression domain should extend further into basal cells compared with wild type. In the second case, with cytokinin biosynthesis negatively regulated by a WUS signal, cytokinin levels are decreased and the WUS zone moves apically, resulting in loss of WUS in basal cells. Given these predictions, we performed a series of live imaging studies to assess cytokinin biosynthesis, via LOG4 expression, cytokinin signaling, as readout by the TCS reporter, and WUS expression in the clv3-2 background. In the clv3 mutant, WUS expression tightly overlaps with an AHK4 expression domain that is compressed closer to the epidermis and not extended further into the RM. Furthermore, the signals from both the LOG4 reporter and cytokinin reporter are drastically reduced in the clv3-2 mutant SAM. Taken together, loss of LOG4 expression is consistent with a lack of sufficient cytokinin biosynthesis to induce observable cytokinin response using the TCS reporter. It is also consistent with reduced expression of the primary cytokinin response gene ARR7 in the clv3 mutant SAM, rather than a direct suppression by increased WUS function (10, 30) . These data are, therefore, consistent with the repressor model in which WUS activity produces negative feedback on cytokinin synthesis. Experimentally, WUS expression shifted apically in clv3 loss-of-function SAMs and did not expand basally (9) , which is also consistent with the repressor model. It can be argued from a purely theoretical point of view that, in the positive-feedback model, a few cell divisions within the apical zone would push the WUS zone farther away from the cytokinin producing L1 layer, which would lead to reduction in WUS expression and, hence, in turn, to reduced cytokinin biosynthesis. Although the receding L1 layer would lead to reduced levels of CLV3, which would offer a respite from suppression of WUS, WUS levels would still decrease because of lower gradients of cytokinin. This would lead to further reduction in cytokinin levels as well as expression levels of CLV3 and WUS. In the case where cytokinin biosynthesis is negatively regulated by WUS, in a similar scenario, cell divisions in the apical zone move the WUS zone farther away from the apex. However, now, this would lead to increased levels of cytokinin because of decreased negative control of its synthesis, thereby allowing cytokinin to permeate further into the tissue and providing a restoring element to WUS induction. Hence, the negative-feedback rule provides a more robust mechanism for pattern maintenance.
This study, therefore, supports two feedback principles for maintenance of the stem cell niche in the Arabidopsis SAM during growth. The first involves the dynamic positioning of the WUS domain by the combined antagonistic effects of cytokinin and CLV3. The second suggests that cytokinin biosynthesis itself is under negative control by WUS (Fig. 4I) . WUS negative feedback on cytokinin biosynthesis in the shoot apex could limit the positive effect of cytokinin on cell division in the enlarged meristems of clv3 mutants. Therefore, this model is also consistent with the synergistic increase in meristem size observed in response to cytokinin in the clv3-2 mutant background. In the absence of the repressive effects of CLV function on cell division, cytokinin provides an unchecked proliferative signal to significantly increase cell division. Experiments in which these regulatory principles are further tested could provide insights into how local cytokinin biosynthesis and signaling affect cell division and growth within the SAM.
Materials and Methods
All details concerning plant growth conditions and hormone treatments can be found in SI Appendix. Standard molecular biology techniques were used for construction of plasmids and reporter transgenes (SI Appendix). Imaging was performed using a Zeiss 510 confocal microscope with a 63× or 40× water-dipping objective (SI Appendix). Computational details are described in SI Appendix.
